saturating .amplifier and an analog multiplier type of crosscorrelation phase detection circuit eliminates fast-risetime signals and switching transients, .enabling the regulator to be used in a low-noise shielded environment. The circuit is of the conventional ac Wheatstone bridge type using a carbon resistance thermometer for the sensing element and providing a proportional heater feedback of > 1 W to the bath.
The balanced input circuitry has been optimized for thermometer resistances between 500 n and 5 kn, and the regulator is capable Such units utilize the large temperature coefficient of resistance of a small carbon resistor 7 used as one arm of the bridge by amplifying the off-null signal and using it to centro], the power delivered to a heater placed in good thermal contact with the sy-stem to be regulated. The necessity for low pow~r dissipation 8 • 9 i~ the thermometer (requiring ·that the associated circuitry have very high gain), together with the desirability·of a fast response to temperature fluctuations, indicates the need for a fairly sophisticated low-noise circuit. Although commercially available instruments can readily be adapted to this·usage their cost tends to be prohibitively high for most users, particularly if it is desirable to have several instruments in use simultaneously.
Accumulated experience with a number of different home-made bridges constructed of discrete components indicates that they tend to be complex, expensive, and time-consuming to construct, tricky to adjust, and difficult to repair quickly when they malfunction. To avoid these problems, we have designed an extremely simple, easy to construct and I .
maintain, and relatively inexpensive regulator based primarily on commercially available solid-state operational amplifiers and having a minimum of discrete parts. To facilitate construction,· isolation, and repair and to allow quick interchangeability in critical situations, the unit was constructed in the form of four plug-in modules in a <.
miniature NIM type bin.
-4- UCRL-19024 The first two sections of the paper discuss the design and construetion of the regulator circuitry. The third section deals with the important stability criteria, while the following two sections co.ver the operation and J?erformance of the completed regulator. As a result of the rapid development, steadily increasing performance, and rapidly diminishing prices of miniature solid-state devices, we recommend that current price lists and catalogues be consulted before embarking on construction; the units we chose will most probably be obsolete by the time this appears in print. Owing to the operational amplifier circuit design used, newer or more efficient devices may be substituted freely without affecting circuit performance. The overall success of this design is illustrated by the large nu..mber of units presently being constructed in our department.
DESIGN CONSIDER~TIONS
The usual considerations in the design of a regulator of this type are: a) the necessity for low power dissipation in the thermometer; b) the short-~erm deviation and long-term drift of the temperature and; c) the overall stability of the system, i.e., freedom from regenerative feedback or "oscillation". The latter is a severe problem when attempting 4 to regulate He bath temperatures between 4.2°K and the A-point in many of the available regulator designs. In addition, two rather more stringent conditions were added to our considerations. purposes, far from 60Hz, and still high enough to avoid f noise in the amplifiers. The oscillator is used both to drive the bridge and, via a phase shifter, to supply a reference signal to the detector.
The error signal from the ac Wheatstone bridge is amplified by a lmv-freq,uency transformer, a low-noise preamplifier which includes a 60Hz notch filter, a tuned a~plifier, and a saturating amplifier of uniq,ue design; at this point the small signal voltage gain is over 1l~o db.
The error signal is then multiplied with a properly phased reference signal and the second harmonic component of the resultant filtered out by a 66 Hz twin-tee. The resulting signal is time averaged by a low pass Any line-frequency pickup present is then removed by the 60 Hz twin-tee, and the signal is further amplified by a buffer amplifier 14 used to provide a low output impedance without loading the twin-tee network.
For convenience of operation we chose the buffer gain to be X4, which limits the meter jitter due to inherent noise in a 10 Hz bandwidth to about 5% of full scale for thermometer resistances below 10 kQ. The gain of the buffer amplifier may be increased simply by altering the ratio of the feedback resistors if additional overall gain is required. The solution to this pair of equations is shown graphically in Fig. 5 .
The overall small signal gain of the regulator measured at. the output of the saturating amplifier is greater than 140 db.
Having thus sufficiently amplified the signal the next step is to demodulate it, and some form of phase sensitive detection is the most desirable way of doing this. Conventional phase detection circuits using half-wave or full-wave switchingi whether mechanical or electronic, were felt to be undesirable for two reasons! As previously mentioned, every effor-t was being made to avoid any switching or fast rise circuitry For times T >> w this yields
,.._ / ..
-11- UCRL-19024 which proves that the cross-correlation method is equivalent to other I methods of phase sensitive detection. Looking back to Eq. (5), however, we note that the effect of inserting a 66Hz twin...:teeat the multiplier output is to remove the terms in 2wt from the integrand. In this case, the unaveraged correlation function is giveri by which reduces to Eq. (6) for any finite time constant. In principle · no averaging is necessary, and the response time of the regulator should be limited only by the characte:dstics of the twin-tee notch filter.
As this filter has a 66 Hz null with a very sharp notch, response times of the order of the reciprocal of the fundamental frequency are attainable, and by operating at a higher frequency than the 33Hz used in the present design extremely fast response could be achieved. In practice, however, the error signal also has a large noise power spectrum, which results in a finite ac output signal from the multiplier over a broad frequency range. The integrator following the 66 Hz twin-tee is used as a low·-pass filter to attenuate this noise. (Any harmonics of the 33 Hz drive frequency present on the error signal will be multiplied up to higher frequencies and the filter will also remove these.) Since This circuit has been groscly overdesigned so as to make it easily adaptable to a variety of other uses in our laboratory. It can readily be simplified by using a conventional transistor phase splitter to drive the phase shift network and an ordinary FET to drive the reference output.
This will reduce the cost considerably.
Power Supply
As previously mentioned, all the de power needed to supply the instrQ~ent is obtained from a dual ±15 Vdc @ 300 mA power supply con- The above precautions, together ·with the very high (over 100 db) power supply offset rejection of the input operational amplifier, allow the unit to operate easily off a single supply. As the total current drain v of the preamplifier module is small (typically it will be less than 25 mA) battery operation is possible; this would also allow for remote operation of the bridge module if desired.
STABILITY
A major problem in any servo-loop regulator is stabilization of the system against oscillation over a wide variety of operating conditions.
The simplest method for analyzing such systems is to treat the electrical part of the servo control as a single operational amplifier, using the external parameters to determine the feedback conditions. In this This is greatly facilitated by the flat power-resistance curve, as shown in Fig. 3 . The heater is first adjusted (in manual) to an empirically deter,mined current se~tting which provides adequate heat input for effective control of the bath. A coarse null can readily be achieved at minimum gain a."'ld steadily perfected as the gain is increased.
When a null is achieved at full gain, the phase shifts due to reactances -18- UCRL-19024 in the decade and thermometer resistors should be compensated by adjusting the variable capacitors so as to close the Lissajous figure into a. straight horizontal line. This can also be done with the panel meter alone by checking that the null is not affected by rocking the phase control (the addition of a 90° phase shift switch to the oscillator would simplify this panel meter procedure enormously). After the bridge is completely nulled the heater switch is placed in automatic to commence regulation.
If the temperature starts to drift in either direction, the null balance 23 heater current should be adjusted with the manual adjust control. Once locked on, the regulator is completely stable and may be left unattended for long periods of time.
Owing to its excellent overall stability, the regulator may also be used to control the temperature over a limited range merely by altering the decade resistor setting. The temperature will a(j.just to the new value 
PERFORMANCE
We believe that any ,general statement of regulator performance is misleading, as the regulation depends critically on such parameters as the bath temperature and volume, the thermometer pow·er, and the null balance heater current, all of which must be adjusted to balance maxim1~ possible sensitivity against experimental limitations. A much more useful method of predicting regulating ability is the use of ·Fig. 3 as a regulator nomogram. In Fig. 3 we plot, in addition to. that sufficient heater power is available and allowable, and knowing the I temperature coefficient and actual value of the thermometer at the desired temperature, the maximum temperature resolution is easily determined.
Carbon resistors ordinarily used for cryogenic thermometers have a temperature sensitivity,' 'd(ln R)/dT on the order of 2 K-l to 6 K-l at ' their operating temperature if their value is carefully chosen. Translating the nomogram in these terms, we observe that the predicted maximum regulating abilit1 using such a thermometer, at a temperature corresponding to a resistance value of between 500 n and 4 kr2, will be ~ 30 llK with a power dissipation of $ 5Xl0-ll W. This can be improved to ~ 3llK by increasing the thermometer power 20 db to $ 5Xl0-9 W.
' ·
In a specific application in our laboratory, using a 27 n nominal 1/8 w Allen-Bradley resistor, a heater consisting of~ 200 em of bifilar wound resistance wire distributed evenly over a 20 em long copper can 5 em in diameter which enclosed the entire experiment, and an 8.5 liter glass li~uid helium dewar, we were able to maintain the sample temperature to within ±40 llK for several hours without adjustment. The set temperature was l. 270 K (corresponding to a thermometer resistance of 8. 8 kr2), the .
~1
. thermometer dissipation ·was 9Xl0 W; and it was necessary to supply 20 m11 of average heate'r power to maintain control. ~y raising the -9 .
thermometer power to 9x10 W the·regulation was improved to ±5 llK, but it was necessary to readjust the manual heater control every 30 minutes or so to compensate for drit. The.above performance compares 
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